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We report an experimental determination of the dispersion of the soft phonon mode along [1,0,0] in
uranium as a function of pressure. The energies of these phonons increase rapidly, with conventional
behavior found by 20 GPa, as predicted by recent theory. New calculations demonstrate the strong
pressure (and momentum) dependence of the electron-phonon coupling, whereas the Fermi-surface
nesting is surprisingly independent of pressure. This allows a full understanding of the complex phase
diagram of uranium, and the interplay between the charge-density wave and superconductivity.
PACS numbers: 71.45.Lr, 63.20.kd, 74.25.Kc
Competition between different ground states is a cen-
tral issue in condensed-matter physics. Much discussed
examples are those between superconductivity and mag-
netism in cuprates, iron pnictides, and heavy fermions.
Equally important is that between the Charge Density
Wave (CDW) and superconductivity, as shown by re-
cent progress reported for the transition-metal dichalco-
genides [1] and elements under pressure [2]. The present
paper sheds new light on the mechanisms that govern
such an interplay between CDW and superconductivity
in uranium.
At ambient pressure, uranium is the only element to
exhibit a phase transition to a CDW state below T0 =
43 K [3, 4]. This transition has been ascribed to nesting
of certain features of the Fermi surface [5]. The ambient
pressure superconductivity of uranium, reported in the
early studies [3] below 1 K, is still controversial [6] but
it is agreed that the superconducting temperature Tc ex-
hibits a maximum of about 2 K at around 1.5 GPa, when
the CDW disappears [3].
The room temperature crystal structure of uranium is
of much interest, since it is unique for an element at ambi-
ent pressure. Uranium exists in an unusual orthorhombic
structure (α-U phase, space group Cmcm) [7] and adopts
this structure to at least 100 GPa [8]. Similar orthorhom-
bic structures are found in Ce [9], Am and Cm [10] at
higher pressures, and are understood as a consequence
of the f electrons in these materials being squeezed into
itinerant states at high pressure. The key aspect, which
stabilises the low-symmetry orthorhombic α-U structure
[11], is the narrow band (2-3 eV wide) containing about
three 5f electrons at the Fermi level. At low tempera-
ture, the CDW state, to a first approximation may be
considered as a doubling of the a-axis of the unit cell and
this structure is called α1-U.
Recent progress in band structure calculations allows
the accurate determination of the phonon spectrum of
actinide-based materials [12, 13]. Treating the 5f elec-
trons as itinerant, the unusual phonon spectrum of α-U
was reproduced only in 2008 by ab initio calculations [14],
almost 30 years after its experimental determination [15].
Importantly, these calculations incorporate all 5f elec-
trons as itinerant in the correct orthorhombic α-U struc-
ture. If the number of 5f states is varied, or the incorrect
crystal structure used, the soft phonon in the Σ4 branch
is not reproduced [14]. A prediction of this calculation is
that under pressure the energy of the soft phonon with
Σ4 symmetry [15] in the [100] direction increases, until
the anomaly disappears near 20 GPa. In the present pa-
per, we report Inelastic X-ray Scattering (IXS) data that
confirm the major changes predicted in the phonon spec-
tra on applying pressure; thus benchmarking the theory.
The quantitative agreement between experiment and the-
ory encourages us to perform new calculations aiming to
understand the complex phase diagram of uranium at low
temperature. As a function of pressure, the increase in
energy of the soft mode is tied directly to changes in the
electron-phonon (e-ph) coupling, whereas, surprisingly,
the Fermi surface nesting remains unaltered.
The IXS experiments were performed on a single crys-
tal sample at the beamline ID28 at the European Syn-
chrotron Radiation Facility in Grenoble, France, and
the theoretical calculations were performed using density
functional theory. Details of the experimental and theo-
retical methods are given in Supplementary information
I and II. Figure 1 shows IXS spectra for different pres-
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FIG. 1: IXS data at ambient temperature taken for q ≈ (0.5,
0, 0). Data show both the energy-loss (Stokes) and energy-
gain (anti-Stokes) response, as well as the central elastic line
at the lowest a) and highest b) pressure measured. c) Zoom on
the Stokes peak for intermediate pressures. Note the increase
of the phonon energy as the pressure is increased.
sures around the key positions in reciprocal space. In
this paper we indicate the momentum transfer Q = τ
+ (h, k, l), where τ is a reciprocal lattice vector. It is
known from earlier studies [3, 15], as well as theory [14],
that the Σ4 phonon energies are not strongly dependent
on the coordinate l along the [001] axis; thus we are in-
terested primarily in the h parameter along [100]. The
data shown in Fig. 1 establish the hardening (increase of
energy) of the Σ4 mode, as pressure is increased. Figure
2(a) shows the dispersion along the important [100] di-
rection for three pressures for data taken at q = [h, 0, l]
with 0 ≤ l ≤ 0.2. The minimum is known to occur for
h ≈ 0.5 [3, 15]. Figure 2(b) shows the soft-mode energy
as a function of pressure. Our data confirm the disap-
pearance of the soft mode under pressure as predicted by
Bouchet [14] (Supplementary information III). When the
pressure was released from 20 to 6 GPa, the soft mode
was found reversible with pressure (See Fig. 2b).
So far theory and experiments have referred to the
orthorhombic α-U structure. The excellent agreement
between theory and experiment prompted a further ex-
amination of the pressure and temperature dependence
of parameters that define this structure and that of the
CDW (α1-U). We calculated the complete band structure
for both α-U and α1-U, their phonon dispersion curves,
and, importantly, the q-dependent e-ph coupling λq,ν
with
λq,ν =
2γq,ν
piN(0)(h¯ωq,ν)2
(1)
where N(0) is the density of states at the Fermi level,
h¯ωq,ν is the phonon energy at wave vector q and phonon
mode index ν, and γq,ν is the mode-resolved linewidth
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FIG. 2: (Color Online) Phonon Energy (a) Experimental
(data points with error bars) and theoretical (solid lines) dis-
persion of the Σ4 optic component along [h 0 0]. (b) Soft-
mode energy as a function of pressure (Lines are guides for
the eyes).
(in energy units) resulting from e-ph coupling
γq,ν = 2pih¯ωq,ν
∑
k
|Mνk+q,k|2δ(k)δ(k+q) (2)
where Mνk+q,k is the e-ph matrix element, k are the
electron eigenvalues, and the sum runs over the Brillouin
zone [16, 17].
By examining the phonons and the e-ph coupling, we
extract new details about the phase diagram. The key
parameters for the Σ4 mode in the α-U structure as a
function of momentum transfer along the [100] direction,
and for different pressures, are shown in Fig. 3. Figure
3(a) shows the phonon dispersion, Fig. 3(b) shows the
e-ph coupling specific to this mode λq,ν , and Fig. 3(c)
shows the phonon linewidth due to e-ph interaction. The
strong dependence along [100] implies that the major dif-
ference of the α1-U (CDW) from the stable α-U structure
will be along this direction. The total energy calcula-
tions (at T=0 K) show that the ground state at ambient
pressure is the α1-U (CDW), and the cross over to the
normal α-U structure is calculated to be at just over 1
GPa. When fully relaxing the α1-U structure, small com-
ponents are also found theoretically along [010] and [001],
in agreement with experiment [3]. The parameter γq,ν
is closely connected to the nesting features of the Fermi
surface. Clearly, these reach a maximum near the middle
of the Brillouin zone along [100]; however, in contrast to
λq,ν , they do not depend strongly on pressure. We have
investigated the Fermi-surface nesting further, as shown
in Fig. 4(a) at ambient pressure and in Fig.4(b) at 20
GPa. First, the Fermi surface at ambient pressure closely
resembles Fig. 4 of Ref.[5] with a nesting vector of mag-
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FIG. 3: (Color Online) Results of calculations at T=0 K using
the experimental volume (See Supplementary information II)
(a) Energy of the Σ4 phonon mode as a function of the mo-
mentum transfer, q = [h, 0, 0]. (b) The e-ph coupling, λq,ν .
(c) The phonon linewidth due to e-ph interaction, γq,ν . The
colors represent different pressures in GPa: black 0, red 0.8,
light green 2.5, blue 5.1, yellow 10.3, dark green 16, brown
25.
nitude kx ≈ 0.5(2pi/a) (Supplementary information IV).
Second, comparing Fig.4(a) and Fig.4(b), there is essen-
tially no change as a function of pressure. This central
result, that we confirmed with two independent calcula-
tions, is unexpected. Thus, the statement that the CDW
in uranium is a consequence of the nesting of the Fermi
surface is incorrect, as the CDW is rapidly destroyed by
pressure, disappearing by ≈ 1.5 GPa [3], whereas the
nesting does not change.
Indeed, Fermi-surface nesting is present, but although
necessary, this is not the unique ingredient for the for-
mation of the α1-U (CDW) state, otherwise this phase
would not be so sensitive to pressure. The crucial ingre-
dient is the e-ph coupling which allows transferring the
energy gain from nesting in the CDW state to the lattice.
At high pressure the CDW will not develop, as the e-ph
coupling is too weak to transmit the electronic informa-
tion to the lattice. These conclusions are consistent with
the arguments of Johannes and Mazin [18], who stress
(b)
xk
(a) yk
FIG. 4: (Color Online) The Fermi-surface topology for the
α-U structure calculated at (a) ambient pressure and (b) at
20 GPa. In each case the diagram shows the [100] and [010]
axes at a fixed position z = 1/2 along [001]. The different
colors correspond to the different sheets of the Fermi surface.
The arrow indicating the nesting vector (≈ 1/2(2pi/a) along
[100]) has been drawn the same length in both figures.
that in most cases such phase transitions cannot be as-
cribed to Fermi-surface nesting alone. Our calculations
for the phonons in the distorted α1-U structure (which
contains 8 atoms in the unit cell, rather than the 4 in the
α-U structure) show that the choice for the displacements
made previously [5] does not result in finite energies for
the Σ4 mode phonons. To correct this we need to pre-
serve the C-face centering in the distorted α1-U phase.
This gives a lower total energy when compared to the
α1-U structure adopted in [5].
Finally, we address the fascinating interplay between
the CDW and superconductivity, as shown in Fig.5. The
open triangles and squares in Fig.5, traced by the solid
line, mark the experimental pressure-dependence of Tc.
[3]. In order to calculate Tc, given our knowledge of the
e-ph coupling, we use the formula of McMillan [19]:
Tc =
θ
1.45
exp(− 1.04(1 + λ)
λ− µ∗(1 + 0.62λ) ) (3)
where θ is the Debye temperature, λ is the mass renor-
malization factor (average e-ph coupling see [16, 17]),
and µ∗ is the e-ph repulsion term. The calculation of λ
is complex near the transition from the α to α1 phases,
due to its large values, and the experimental uncertain-
ties about the nature of the atomic displacements, so it
is convenient to anchor the calculations of Tc to the ex-
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FIG. 5: (Color Online) T -P phase diagram of uranium in the
superconducting region. The vertical dashed line (at 1.2 GPa)
indicates the calculated transition between the CDW phase
(shaded) and normal α-U structure in good agreement with
experiment. The experimental Tc values [3] are indicated by
open triangles and squares, and the solid line is a guide for the
eyes. The calculated values are shown as blue squares (α1)
and red circles (α-U) and were scaled at 3 GPa (see text).
The inset shows the phonon dispersion curves in the CDW
state (α1 structure) for zero pressure (blue lines) and 5 GPa
(red lines). The thicker lines are the branches corresponding
to the Σ4 mode in the α-U phase.
perimental value of Tc=1.5 K at 3 GPa. This gives a
value for µ∗ of 0.28. We then deduce [keeping µ∗ fixed
and using λq,ν from the calculation] Tc in the α-U state
and these values are shown as red solid points in Fig. 5.
Since λ strongly reduces with increasing pressure, it is
not surprising that Tc also decreases, exactly as found
experimentally. For λq,ν in the CDW (α1-U) state, on
the other hand, the opposite behaviour occurs as a func-
tion of pressure. For ambient pressure, the Σ4 phonon
modes, which are now at the zone center (Γ) of the new,
much smaller, Brillouin zone, have a finite energy, and
as the pressure is increased, the phonon modes decrease
in energy. The calculations in the inset of Fig. 5 show
the low energy phonons in the CDW state at zero and
5 GPa. By the latter pressure, the predicted acoustic
phonon energies are negative, showing that the structure
is unstable. Thus, initially λq,ν increases with increasing
pressure in the CDW state, leading to an increase in Tc,
as shown by the solid blue squares in Fig. 5, and finally
gives the maximum in Tc at the phase transition. Quali-
tatively, this reproduces satisfactorily the experimentally
observed behaviour.
Our calculations show that the momentum and pres-
sure dependence of the e-ph coupling plays the central
role in determining the complex phase diagram of ura-
nium. We are confident of these results; the predictions
of the theory about the anomalous phonons are verified
by experiment (Fig. 3). However, since the Fermi-surface
nesting is independent of pressure (Fig. 4), this alone
cannot explain the formation of the CDW [18]. In ad-
dition, the theory succeeds in explaining the appearance
of the CDW at base temperature and ambient pressure
(Fig. 3). It predicts (as observed experimentally) that
the CDW will be unstable at 1.2 GPa (Fig. 5). Using
the McMillan formula, the pressure dependence of Tc is
explained (Fig. 5), as well as its absolute value, assum-
ing a reasonable value for the electron-repulsion term and
phonon mediated Cooper pairing.
The present joint experimental and theoretical investi-
gation has allowed important progress in understanding
the complex phase diagram of uranium, and has shown
the crucial role of the narrow 5f band and its influence
on the e-ph coupling. Moreover, our study lays the foun-
dation for further extension of theory into strongly cor-
related systems.
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